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SUMMARY
To demonstrate the flow-sheet parameters of the Hanford River Protection Project facility being designed by BNFL, Inc., a sample of Envelope C salt solution was decontaminated for cesium and technetium by ion exchange. The sample, a supernate from Hanford Tank AN-102, had previously been subjected to entrained solids removal and SrflRU precipitation and filtration processes before the ion exchange process was performed. Radioactive cesium and technetium removal was accomplished with two sets of ion exchange columns. Each set was connected as a series of two columns in lead-lag configuration. The cesium and technetium removal columns were previously used for decontamination of Envelope A (Hanford Tank AN-103) salt solution and stored thereafter for two months in de-ionized water. The ion exchange process steps for decontamination of Envelope C were the same as previously describedl and briefly include: 1) resin precondhioning, 2) loadkg cycle, 3) caustic wash and water rinsing, 4) elution, and 5) resin regeneration. To determine the number of column volumes of feed sample to process, batch distribution coefficients (IQ and wet resin density of the ion exchange resins were measured. The & values were determined over a wide range of cesium and technetium equilibrium concentrations in order to generate equilibrium isotherms. The isotherm data were fitted to a Freundlich-Langmuir Hybrid equation to determine parameters needed for successful modeling of the breakthrough behavior. The modeling results were used to aid in scale up of the design of the ion exchange columns. The decontaminated sample product was used in demonstration of the Low Activity Waste vitrification process, and concentrated cesium and technetium eluate products were blended with other sample streams for High Activity Waste vitrification demonstration.
The cesium distribution coefficient (mean & value) for SuperLig@644 resin with Envelope C (Tank AN-102) was 759 tig.
Based on resin density of 0.4 @nL, the estimated number of column volumes to process at 5070 breakthrough ("lambda value") was -304. Prior work2 indicated that the 50% breakthrough would normally be reached at 3770 of this value (i.e. 112 column volumes). To obtain an equilibrium isotherm over a wide range of cesium concentrations, small volumes of Envelope C samples were twice re-contacted with fresh resin and additional & values were determined at ambient cell temperature (26*1 $'C). AIso, a primary and duplicate sample were spiked with nonradioactive cesium to obtain & values at higher initial concentrations. It was determined that the batch distribution coefficients generally decrease with increasing cesium concentration. As expected, the~values decreased at the higher end of the cesium concentration range studied.
The performance of the cesium ion exchange columns exceeded the pretreatment flow-sheet design criteria. Only 1190 breakthrough of cesium was observed after processing 85 column volumes through the lead column. The lag column removed the remaining cesium to achieve an overall decontamination of 99.93 + 0.039(0(DF = 1790) The elution of cesium from the loaded column with 0.5 M HN03 was effective. The elution data indicated 78% removal of adsorbed cesium within the first 5 column vi BNF-O03-98-0219
Revision O volumes and a 99.8°/0 removal of elutable cesium after 19 column volumes. Only trace cesium remains on the resin after elution.
The technetium distribution coefficient (mean & value) for SuperLig@ 639 was 15.5 mL/g. However, the resin is not expected to remove technetium that is not present as the pertechnetate ion, and this sample contained 77°/0 as non-pertechnetate. The mean I& value calculated for the pertechnetate ion species was 142 mL/g. The estimated number of column volumes to process at 50°/0 breakthrough (lambda value) for the extractable pertechnetate fraction was 67 column volumes. Our repeated contact experiments show that only 22.5°/0 of the technetium in Envelope C (AN-102) is pertechnetate ion and could readily be extracted by SuperLig@ 639 resin. The equilibrium reaction between pertechnetate and other form(s) of technetium in Hanford wastes is not known. Therefore, it is not known if the repeated batch contacts altered the ratio between pertechnetate and other form(s) of technetim" present in the AN-102 sample. Similarly, it is not lmown if the Sr/TRU removal process, which was done prior to the batch and column tests after different storage duration, altered the ratio of ionic states of technetium.
The technetium column loading on SuperLig@ 639 showed an immediate breakthrough. This was expected since Envelope C sample contains a relatively large fraction of technetium that is not present as the pertechnetate (anion) species and therefore could not be extracted by SuperLig@ 639 resin. The percent removal of technetium from Envelope C (AN-102) salt solution was 45.74+ 2.08Y0, which is higher than the expected maximum 22.5Y0. The cause of the better-than-expected removal of technetium has not been identified. Elution of technetium from the resin with de-ionized water at 1 CV/h was efficient with over 97°/0 of the removable technetium eluted within q the first 10 column volumes. Since the concentration of technetium in the eluate could not be monitored online, elution was continued for additional 30 colh volumes to ensure less than 10/0of the. initial concentration of technetium is eluting from the resin. Although this long elution was not originally expected, the extended elution period should not affect the overall waste processing time cycle, since the loading cycle is also longer than projected. Several proposals are considered to improve the elution process.
Characterization results show that the cesium and technetium content in the final decontaminated product were 2.03E-05 Ci/ mole Na and 8.29E-06 Ci/mole Na, respectively. BNFL Inc. plans to vitri~the AN-102 waste, achieving a sodium oxide incorporation of 11.8 wt'Yoin the immobilized low-activity waste (ILAW) form. For this hypothetical glass, the concentration of CS-137 and Tc-99 are estimated to be 0.2 Ci/m3 and 0.082 Ci/m3, respectively. Per US DOE contract specification (2.2.2.8), the average concentrations of'37Cesium(137CS), 90Strontium (90Sr), and 99Technetium (99Tc) are limited to less than 3,20, and 0.1 Ci/m3, respectively. G The average concentrations are calculated by summing the actual inventories of each of the above radionuclides in waste packages and dividing by the total volume of waste in these packages. Thus, a minimum of 25% to 30°A removal of the 99Tc present in the feed from AN-102 was required. The radionuclide contents of Cs and Tc in decontaminated Envelope C product sample are respectively 0.106 and 0.043 @hnL as shown in Table 11 . The chemical compositions vii Revision O in the final decontaminated product and eluate concentrates were as expected with the exception of uranium and TOC, which were concentrated by the cesium ion exchange resin and chloride ions which were concentrated by the technetium resin.
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INTRODUCTION
The pretreatment process for BNFL, Inc.'s Hanford River Protection Project is to provide decontaminated low activity waste and concentrated eluate streams for vitrification into low and high activity waste glass, respectively. The pretreatment includes sludge washing, filtration, precipitation, and ion exchange processes to remove entrained solids, cesium, transuranics, technetium, and strontium. The cesium (Cs-137) and technetium (Tc-99) ion exchange removal is accomplished by using SuperLig@644, and 639 resins from IBC Advanced Technologies, American Fork, Utah. The resins were shown to selectively remove cesium and technetium (as anionic pertechnetate ) from alkaline salt solutions. The efficiency of ion exchange column loading and elution is a complex function involving feed compositions, equilibrium and kinetic behavior of ion exchange resins, diffusion, and the ionic strength and pH of the aqueous solution. A previous experimental program completed at the Savannah River Technology Center2 demonstrated the conceptualized flow sheet parameters with an Envelope C sample from Hanford Tank 241-AN-107. Those experiments also included determination of Cs and Tc batch distribution coefficients by SuperLig@ 644 and 639 resins and demonstration of small-scale column breakthrough and elution. The experimental findings were used in support of preliminary design bases and pretreatment flow sheet development by BNFL, Inc.
The objectives of this ion exchange study are the following:
(1) Determine the batch distribution coefficients (&values) and percent removal for cesium (Cs-137) and technetium (Tc-99) ions on SuperLig@ion exchange materials (SuperLig@ 644 and 639) with Envelope C from Hanford Tank AN-102 salt solution.
(2) Provide equilibrium isotherm data to determine the parameters for successful modeling of the ion exchange column breakthrough and elution performance.
(4) Provide decontaminated (pretreated) product samples for vitrification into low activity waste glass and concentrated eluate product samples for vitrification into high activity waste glass.
(5) Provide information on the composition of caustic displacement and water wash solutions used between loading, elution, and regeneration cycles.
The batch contact experiments were performed to determine the equilibrium distribution coefficients (& values) and percent removal for cesium and technetium ions.
The & values represent a measure of the equilibrium distribution between the aqueous phase and the ion exchanger at a specific solid to liquid ratio. Also the& values provide .
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Revision O valuable information on selectivity, capacity, and affinity of an ion exchange material to remove ions from complex aqueous solutions. Specific tests are performed by the addition of a small quantity of ion exchange material into a small volume of salt solution containing a known exchangeable ion(s).
The factors" that effect the & values and percent removal of the ion(s) include the temperature, initial concentration of the ions in solution, and the solid/liquid ratio during the contact. Duration of the contact must be sufficient to achieve equilibrium or a constant comparative value must be used. The loading capacity for the ion exchange columns is determined from batch & experiments conducted at the same conditions as those of the columns. The& values are also determined at different equilibrium concentrations to establish a robust ion exchange decontamination process across the broad range of cesium and technetium concentrations that will be encountered as the solution passes through the columns. These data will be used as input to a computer model to determine the scale-up parameters. The computer modeling work will be reported in a fiture document.
The small ion exchange column experiments were performed in the Intermediate Level Cells at Savannah River Technology Section, allowing remote handling of materials. The experiments were conducted at ambient temperature (26 + 1 "C) using two sets of cesium and technetium ion exchange columns. Each set consisted of two columns connected in series, one as the lead column and the other as the lag column. The cesium columns were each packed with 6.2 rnL of SuperLig@ 644 and the technetium columns each contained 5.6 mL of SuperLig@ 639 resin. The feed samples were allowed to pass downflow through the lead column and collected from the lag cohmm in small fi-actions. The lead and lag columns were periodically sampled during the column loading to detect early breakthrough and ensure that the effluent concentration does not exceed 50'XO of the influent concentration. Once the analytical results were received and confirmed to meet the LAW acceptance criteria, the fractions were combined and t%rther characterized to veri~that the effluent met the vitrification process acceptance criteria.
EXPERIMENTAL

Materials
Envelope C (Hanford Tank 24 l-AN-102) salt solution was used for determination of batch distribution coefficients and column breakthrough peflorrnance tests. The solution received from Hanford was subjected to entrained solids removal and Sr/TRU precipitation filtration processes reported elsewhere: The sample was diluted during Sr/TRU precipitation filtration processes to -6 M~a']. Afier dilution, the filtrate had a measured density of 1.234 g/rnL and initial CS-137 and Tc-99 concentrations of 190 pCi/mL and 0.079 pCi/mL, respectively. The diluted sample was used as received for batch distribution coefllcient (& values) and column performance tests. The ion exchange materials used for cesium and technetium removal from Envelope C sample were SuperLig@ 644 (batch#98102OMB48-563) and 639 (batch # 981015DHC72OO11), respectively. SuperLig@ 644 is a polymerized proprietary organic material supplied as 20-70 mesh granules. SuperLig@ 639 is composed of polystyrene beads with an attached proprietary organic compound. IBC Advanced Technologies, American Fort, Utah, supplied the resin for testing. The physical properties of the SuperLig@644 and 639 batches used in this study were measured and the results are presented in Table 2 . The F-factor values shown in the last column (Table 2) were obtained by drying a sub-sample of the resin over night in a vacuum oven at 105 "C. The sieve analyses for SuperLig@ 644 and 639 resin particles are presented in Tables 3 and 4 , and have been previously reported.4
Equipment
The equipment used for the ion exchange column tests was assembled remotely in the shielded Intermediate Level Cells in a laboratory module at the Savannah River Technology Center. Each column had been previously used for the Envelope A sample processing, and were reused after being filled with deionized water and storing for -2 months. For each experiment, two columns (SuperLig@ 644 or 639) were connected in series, with a sampling port between. The columns were made of a medium wall Pyrex glass tubing with an inside diameter of 11 mm and a total length of 30 cm. A plastic coating was applied to the outside walls of the columns to contain shattered glass in case of a rupture. A 200 mesh stainless steel screen was fitted into bottom of each column. Column top assemblies included a fill reservoir, a pressure gauge, a pressure relief valve, and feed inlet ports. The fill reservoir on column top assemblies also served as a vent to permit draining liquid, if necessary. The top assemblies were connected to the glass columns by glass ground joints and tightly fitted screw caps. A ruler affixed to the column wall was used to allow observation of resin bed height changes and liquid level. All tubing connections were made of transparent polyethylene lines that had quickconnect fittings attached to each end; the lines had an inside diameter of O.125-inch.
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The equipment used for batch contact tests consists of 30-rnL polyethylene bottles, a Mix-Max@ orbital shaker, nylon filter units (O.45 pm), plastic filter holders, and an analytical balance accurate to* 0.001 g. A house-supplied vacuum and a trap assembly were used during sample filtration. All experiments were performed in the shielded Intermediate Level Cell, allowing remote handling of materials.
Procedure
Batch contact
All batch contact experiments were conducted in duplicate and at cell ambient temperature of 26 i 1 "C. A standard batch contact test, followed by two sequential recontacts of the filtrates with fresh resin and an independent cesium spiked batch test were conducted in the shielded cell. The technetium and cesium tests each used the same batch of "as received resin".
In the "standard" cesium and technetium batch tests, a known volume of salt solution (-18 rnL) was added into polyethylene bottle with a known quantity of ion exchange resin (-0. 18 g). The phase ratio, solution-to-resin, was -100:1 for most of the experiments. The bottles containing the solution and the resin were placed on the orbital shaker and gently shaken for 24 t 1 hours at cell ambient temperature (26 Y1 "C). Control sampIes (-18 mL of salt solution) were treated in the same way as those of duplicate test samples without the addition of the resin. The concentrations of Cs-137 and Tc-99 in control samples were used as the starting initial concentrations to determine the & values and percent removed by the resin. The ambient cell temperature was recorded at the beginning and end of each test. After the contact period, the resin was separated from the sample solution by filtration through individual 0.45-micron nylon filter unit. A 1-mL subsarnple of the filtrate was removed from the cell and analyzed by the Analytical Development Section of the Savannah River Technology Center. Sub-samples were often diluted (10: 1) with de-ionized water to reduce the radiation dose rate before the samples are transferred from hot cell to analytical laboratories. All dilutions and measurements were performed based on mass and corrected for density of the solution to ensure accuracy. Concentration of the ion(s) in solution is determined by radioactive counting (CS-137) or inductively coupled plasma-mass spectroscopy (technetium at mass 99) before and after contact with the resin; the quantity of the ion(s) on the exchanger is determined by difference. No correction for any ruthenium isotope was needed, based on the distribution of masses 100-104. Results were corrected for dilution, where appropriate.
Following the "standard" batch test, two sequential re-contact tests were performed on filtrates. In the first re-contact test, a known volume (-12 mL) of the filtrate that had been separated from the resin in the standard test was re-contacted with fresh ion exchange resin (-O. 12 g). The fresh resin and the filtrate were gently shaken for 24 +1 hours. After equilibration, the resin was separated from the solution by filtration under vacuum with a . 0.45-micron nylon filter unit. A 1-mL sub-sample of the first re-contact filtrate was 5 BNF-O03-98-0219
Revision O removed from cell and submitted for analysis by the radioactive counting technique for Cs-137 or Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) for Tc-99. The second re-contact was conducted by gently shaking a known volume (-10 mL) of the first recontact filtrate with fresh ion exchange resin (-0.1 g) for 24 +1 hours. After equilibration, the resin was separated from the solution by filtration under vacuum with 0.45-micron nylon filter unit. A l-mL sub-sample of the second re-contact filtrate was submitted for anal ysis.
Following the two sequential batch contact tests, small quantities of cesium nitrate (in water) were spiked into a known volume of the original Envelope C salt solution. This was done to increase the initial concentration of Cs in test solutions by a factor of-10. Because of the size of the spike sample and the density difference of the spike and the test solution, it was necessary to add the test solution into a polyethylene bottle containing the spike. The spiked solution was then shaken manually in the cell to get good mixing before contacting with the resin. The spiked test solution (-10 rnL) was gently shaken with fresh ion exchange resin (-0.1 g) for 24 +1 hours. A control spike sample was also treated in identical steps as the duplicate test samples. After the contact period, the solution was separated from the resin by filtration under vacuum using 0.45-pm nylon filter. A l-inL sub-sample of the filtrate (spiked solutions) was removed from the shielded cell and analyzed for total cesium by inductively coupled plasma -mass spectroscopy (ICP-MS). Radioactive counting technique was employed for measurement of Cs-137 content in the samples.
Cesium column operation
The cesium ion exchange columns were previously packed and pretreated in a chemical hood and subsequently used for the AN-103 sample test. The pretreatment of the "as received" SuperLig@644 resin had been conducted according to the protocol developed by Savannah River Technology Center.4 This protocol, necessary for new or stored resin, included an acid-caustic cycle that resulted in a fully swollen resin bed in the sodium hydroxide form. After pretreatment, the volumes of the resin in the lead and lag columns were each approximately 6.4 rnL.
The pretreatment procedure designated for used of columns that had been stored for more than two weeks storage of the SuperLig@ 644 resin in de-ionized water include the following:
1. Pump 3 column volumes (CV) of 0.5 M HN03 in 1 hour 2. Pump 3 CV of de-ionized water in 1 hour 3. Pump 6 CV of 0.25 M NaOH in 1 hour 4. Initiate the test by pumping feed at 3 CV/h to the ion exchange columns Two months after the cesium ion exchange column run with Envelope A (Tank AN-103) sait solution, the columns were pretreated according to above procedure. On the day of the run, 6 CV of 0.25 M sodium hydroxide solution was pumped down flow through the Revision O lead into the lag column at 3 CV/h. After this pre-conditioning, the feed was introduced into the lead column at 3 CV/h at ambient cell temperature (26+1 'C). The effluent was collected in 20 column volume fractions from the lag column. The first two CV of effluent were discarded to prevent dilution of the effluent by residual sodium hydroxide solution. Sub-samples were collected from the lead column after 5 and 10 column volumes of feed had passed through the lead column using a three-way Teflon" valve to direct liquid into the sampling line. The line was flushed for 3 minutes before each 10-minute sample collection. Subsequent sub-samples were collected in 10 column volume intervals. The volume of flush and sample liquid taken from the lead column effluent reduced the total volume of liquid pumped into the lag column and caused episodes of zero flow in the lag column. The flow stops for 13 minutes approximately every 3.3 hours.
The effluent from the lag column was routed to 120-mL polyethylene collection bottles located at the lag column exit. Approximately 20 column volumes of effluent were collected in each bottle. The weight of effluent fractions was measured using an analytical balance; the corresponding volume was determined, dividing the effluent weight by the density of the feed. Sub-samples (-3 rnL) were collected from lag column after 20 column volumes of effluent were collected. The samples were counted at-line with a gamma counter to monitor the progress of the colu~loading. The samples from the lead and lag columns were submitted without dilution to Analytical Development Section of Savannah River Technology Center for analysis by radioactive counting. The loading cycle was terminated when the sample feed was consumed.
After termination of the loading cycle, the liquid hold-up was drained from the columns until the liquid level was 2 cm above the resin. "The columns were flushed with 2 TAV (total apparatus volume) of 0.1 M sodium hydroxide, followed by 2 TAV of deionized water at 3 CVh. The flush and rinse solutions were collected from the lag column in 1.CV increments. After the wash and rinse cycle, the two columns were disconnected; the tubing to the lead column was filled with 0.5 M nitric acid. The pump dial set was then adjusted to provide a flow of 1 CV/h through the lead column. Eluate fractions were collected in 2 CV increments. Sub-samples (-1 rrlL) were collected periodically into dilution bottles containing 10 ml of de-ionized water and analyzed by radioactive counting. The column was eluted with 19 column volumes of 0.5 M HN03, followed by 3 column volumes of de-ionized water. The resin was then stored in de-ionized water.
Technetium column operation
The technetium removal from Envelope C (Hanford Tank AN-102) salt solution was accomplished with a set of two ion exchange columns in series. The columns were previously employed for technetium removal from Envelope A (Hanford Tank AN-103) salt solution. The wet volume of the resin in the columns was -5.6 mL and the resin bed height was 5.9 cm (i.e. an L/D ratio of 6.2). The purpose of the lag column was to further decontaminate the feed sample in order achieve the low activity waste vitrification acceptance criteria. The resin was held in place with a small amount of quartz wool and BNF-003-98-0219
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On the day of the run, the resin was pre-conditioned with 3 CV of 1 M NaOH in one hour. The feed to technetium ion exchange columns, which had been decontaminated for Cs, was pumped down-flow through the lead column at 3 column volumes per hour. The flow rate was adjusted during the early stages of the run to accommodate for the density change between the conditioning solution and the feed. The flow rate was periodically checked by weighing samples collected from the lag column for 10 minutes. Also, the weight of effluent fractions at 20 column volume intervals was measured and using the density of the effluent solutions, the flow rate was verified.
Sub-samples (3 mL) were collected from the lead column after 5 and 10 column volumes of feed were processed through the lead column. Subsequent subsamples were collected after each 10 column volumes. Sub-samples were collected through a three-way Teflon" valve at the lead column exit sampling line. The effluent from the lead column was.routed to sample vials located under the sampling line. The line was flushed for 3 minutes, followed by 10-minute sample collection. Effluent sub-sampIes (-3 mL) were submitted to Analytical Development Section of Savannah River Technology Center for analysis of Tc-99 mass by inductively coupled plasma-mass. spectroscopy. When not in sampling mode, the effluent from the lead column was allowed to pass down flow into the lag column that served to finfher decontaminate the feed sample. Sampling the lead colurim resulted in a discontinuous flow rate for the lag column, where flow stops for 13 minutes approximately every 3.3 hours. The lag column effluent was collected in 20 column volume increments, then sampled for 10 minutes. Sub-samples (-1 mL) from the lag column were submitted without dilution for analysis to Analytical q Development Section of Savannah River Technology Center. The column loading was terminated when the available feed was consumed.
Upon completion of the technetium loading cycle, the feed holdup was drained from the columns until the liquid level was 2 cm above the surface of the glass beads. The columns were then washed in series with 2 TAV (TAV = total apparatus volume; the volume of tubing and liquid headspace in the lead column) of 0.1 M sodium hydroxide, followed by two TAV of de-ionized water. The wash and rinse effluent solutions were collected from the lag column in small increments of 2 column volumes each. Sub-samples (-1 rnL) were collected each time after one column volume of solution had passed through the lag column.
Upon completion of the column wash and rinse, the lead and lag columns were disconnected. The flow rate through the lead column was adjusted to 1 CV/hr. The eluent (de-ionized water) was pumped at ambient temperature down flow into the lead column and collected in two column volume fractions. The elution was conducted at cell ambient temperature of 26~1"C. Eluate fractions were collected into 30-mL polyethylene bottles. The elutio~was continued until 40 column volumes of water had passed through the 3.1. Batch Distribution Coefficients: Batch .cOntactexperiments were performed to determine equilibrium dkribution coefficients (I?I vrdues) and percent removal for Cs-137 and Tc-99. The batch experiments include the addition of a small quantity of ion exchange materials into a known volume of the salt solution containing known quantities of Cs and TC ions. The concentration of CS-137 in solution was determined by radioactive counting before and after contact with the SuperLig@ 644 resin.
The concentration of Tc-99 before and after contact was determined by inductively coupled plasma-mass spectroscopy (ICP-MS). The quantity of the ions on the resins was determined by difference.
Batch distribution coefficients (IQ values) and percent removal were calculated f~om the following equations:
(Ci /Cf -1) V &"
(1) (M-V, where C is the initial concentration of salt solution, Cf is the final (equilibrium) concentration, V is the volume of liquid sample, M is the, "as received" mass of the resin, and F is the mass of dried resin divided by the mass of ?as rcccived" resin (i.e., the dry weight correction or F-factor).
The & values and percent removals (%R) for cesium are presented in Table 5 . The values shown in last column (Table 5 ) represent the mean of duplicate samples. The percent relative standard deviations (% RSD) for the standard batch contact, first and second re-contacts, and spiked batch test IQ vaiues were 4.07,0.7, 1.19, and 3.86 9i0, respectively. T@ indicates that duplication results were generally good. It is noted that the mean standard & value for adsorption of Cs from Envelope C on SuperLig@644 resin was 759 Wg-The mean&values for f~st and second rc-contacts of prior filtrates with fresh ion exchange resin were 1380 and 1366 fig, respectively . Thus, decreasing the concentration of cesiurn had a significant effect on the& vahm for SuperLig@ 644 resin, as expected. For example, the I@ reduced ikotn 1380 to 759,mgiL and from 759 to 302 mg/L as the cesiurn concentration in the solution phase increased from 7.74E-06 to 6.33E-5 M and from 6.33E-5 to 1.0 E-3 M, respectively. This maybe clearly illustrated by plotting on a log-log scale the& values as a fmction of Na/Cs ra[ios as shown in Figure 1 . It can ,., !< ,,! The uptake of cesium by the SuperLig@ 644 resin was calculated from concentration of cesium on the resin, the volume of the solution, and the mass of the resin. Figure 2 shows a log-log plot of cesium uptake vs. equilibrium concentration for Envelope C (AN-102) salt solution. Thus, a linearized Freundlich equation maybe written as logq=logK+~logce (4) n where q is the cesium uptake per unit mass of resin, Ce is the cesium concentration in the solution phase at equilibrium, The empirical constants, K and n can be determined by a regression package. It can be seen that the equilibrium data for cesium on SuperLig@ 644 are very well represented (R2 = 0.996) by the Freundlich expression
A detailed analysis of the data correlation and"column modeling will be reported in a separate document.
The loading of cesium on SuperLig@ 644 up to 50% breakthrough was estimated from the mean standard & value and the wet density* of the resin. The Lambda (k) value for Envelope C (AN-102) loading on the resin was calculated as A = & x p = 759 mL/g x 0.4 ghnL =303 (6) Thus, the estimated column volumes of feed sample that can be processed before a 50V0 breakthrough occurs was 303. Previous work2 with an Envelope C sample, however, indicated that the breakthrough would occur at 370/0of this value. Therefore, the adjusted lambda value for Envelope C was 112 column volumes.
BNF-O03-98-0219
Revision O Table 6 shows the mean& values and percent removals for SuperLig@ 639 resin. This resin will extract only the pertechnetate form of technetium. It can be seen that the mean standard~value for total Tc-99 was 15.5 &g.
It is evident from these results that as the exchangeable pertechnetate species in solution depletes, the amount adsorbed onto the resin decreases. While 87% of the extractable technetium (pertechnetate) was removed during the standard batch contact, the first re-contact appears to have removed the remaining amount. Thus, after the first recontact, -3550 @L of the technetium remained in solution. Since this amount is indistinguishable from that after the second recontact, a second "pertechnetate only" J& cannot be accurately calculated. The results indicate that a maximum of 1032 pg/L or 22.5% of the total Tc present in Envelope C salt solution was pertechnetate (anion) species. Using this value as the total pertechnetate concentration, the corresponding standard & value for the "pertechnetate-only" ion species is 142 Wg. This assumes that sequential batch contacts do not affect the ratio of pertechnetate to nonpertechnetate. Other factors, such as the presence of Ru-99 masking the Tc-99 analysis are unlikely interferences due to the absence of masses 100-104 amu. Another possibility is that the technetium is all present as pertechnetate, but an unknown chelant prevents adsorption onto the resin. This explanation is also extremely unlikely, as the resin is a very strong absorbent for pertechnetate. If another chelant interfered, it would have to form such a strong bond that <10% of it partitions to the resin. It is possible that the Sr/TRU precipitation process impacted the ratio of pertechnetate to non-pertechnetate, since a powerful oxidant (sodium permanganate) is added to the solution. The batch contacts were performed 4 weeks after the Srl'I'RUremoval and the column tests were performed 6 weeks after the removal.
The pertechnetate loading capacity at 50% breakthrough was estimated from the batch distribution coefficient and the wet density of the SuperLig@639 resin. The estimated column volume to process at 50% breakthrough or the Lambda (k) was k=&xp=142mLfg x0.47 ghnL=67
q Thus, up to 67 column volumes of Envelope C (Tank AN-102) salt solution could be processed with SuperLig@639 resin before 50% breakthrough occurs.
Cesium Column Loading
The cesium decontamination experiment for Envelope C (AN-102) was conducted -2 months after completion of the Envelope A (AN-103) cesium column run. Envelope C feed was subjected to Sr/TRU precipitation and filtration prior to the ion exchange column run. The Sr/TRU precipitation was performed -6 weeks prior to the ion exchange column test. In this regard, the test did not mimic plant operations as it is unlikely that any oxidant from the Sr/TRU precipitation would have still been present after the long storage period. A separate test has been performed to confirm thatthe resin is not significantly impacted by the Sr/TRU removal process, and will be reported in a subsequent document. The filtrate from Sr/TRU precipitation and filtration was a dark,
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Revision O brown solution with a measured density of 1.234 g/mL. Analysis of the filtrate solution indicated that the nitrate (NOs-), potassium (K+), and hydroxide (OH-) concentrations were 1.89E+O0, 2.92E-02, and 1.69E+O0 M, respectively. The total organic carbon (TOC), uranium and chloride ion concentrations in the filtrate were 2.25E+04, 1.23E+01, and 4.35E-02 mg/L, respectively. The Na+ concentration measured by inductively coupled plasma -atomic emission spectroscopy (ICP-AES) was 5.98 M, thus giving Na/Cs and WCS ratios of 9.42E+04 and 4.62E+02, respectively. The breakthrough data for cesium on SuperLig@ 644 resin are shown in Table 7 . Figure 3 shows the CS-137 concentration profile as a function of the effluent column volumes from the lead ion exchange column. It can be seen that an 11% breakthrough occurred for Envelope C (AN-102) solution at 85 column volumes and the guard column exhibited a less than O.1% breakthrough at 53 column volumes; the run was terminated due to insufficient feed. The breakthrough curves in Figure 3 indicate that the cesium removal from Envelope C (AN-107) was slightly better than from feed sample (AN-102). This maybe attributed to slightly higher potassium concentration in this sample (AN-102), compared to AN-107, or the lower Na/Cs mole ratio for the AN-107 sample (6.89E+04) versus that of the AN-102 sample (9.42E+04, assuming CS'37 is 25~0 of the total cesium in each sample). Figure 4 shows the results of the sodium and free hydroxide analyses for the feed displacement and rinse effluent samples. The feed displacement or wash solution (2 CV of 0.1 M NaOH) reduced the Na+ and hydroxide concentrations from -6 to 1.3 M and -1.69 to 0.27 M, respectively. The de-ionized water rinse that followed the feed displacement had residual Na+ and free hydroxide concentrations of 0.088 M and 0.11 M, respectively, indicating additional water rinsing may be necessary to achieve good displacement of the O.lM NaOH solution from the column. The percent volume change of the resin between the acid and caustic cycles was in the range 30 to 40%; a 10~o reduction of the resin volume observed during the loading (vs. pre-conditioning) showed no detrimental effect on the resin performance. This swelling and shrinking behavior is consistent with previous data. 1 There was no visible indication of resin decomposition as the characteristic brown color of the resin was absent from column effluent, rinse, and regenerate solutions.
Cesium Column Elution
The results for cesium elution from SuperLig@ 644 resin with dilute nitric acid (0.5 M HNOJ at 1 CV/h are shown in Table 8 and Figure 5 . Figure 5 reveals that the dilute nitric acid (0.5 M) was effective for nearly complete removal of cesium from the resin. The elution curve exhibits four regions, namely neutralization of residual O.lM NaOH solution, peak, exponential decay, and tailing. The neutralization region at the left bottom end of the curve represents several column volumes of acid eluting very little cesium. During this period, the acid is probably reacting with the residual hydroxide ions in the liquid and the hydrogen ions are starting to replace sodium ions on the resin. The peak region of the curve shows a sharp peak at 5 column volumes, during which almost 78% of the removable cesium in the column was eluted. The exponential decay region that follows the peak region shows a significant drop in cesium concentration within a BNF-O03-98-0219
Revision O few column volumes of the acid. The final region of elution curve shows a small tailing effect. Less than 2% of the initial cesium concentration remained in the eluent after 13 column volumes had passed through the column. The small tailing effect may be attributed to incomplete and uneven cesium loading on the resin. Due to high affinity of the resin, the cesium may have been loaded in a narrow layer on the top of the resin bed. It has been observed that when the resin is fi.dly loaded with cesium, less difficulty is observed in completely eluting the cesium. Also, during elution a rapid shrinkage of the resin could cause a dkrdnished diffusion velocity of cesium ions in the resin and, consequently, lower the rate of elution. The volume of the resin decreased from 6.2 to 4.3 mL at the end of elution.
Technetium Column Loading
The planned treatment process removes cesium before technetium. Thus, at the conclusion of the cesium column run and after reviewing the cesium concentration profile data and confirming that the decontaminated effluent fractions from guard column met pretreatment radionuclide acceptance limits, all effluent fractions were combined. About 500 rnL of the combined solution was pumped down-flow at 3 CV/h into the technetium ion exchange columns. The sodium (Na+) and nitrate (N03-) concentrations in the feed sample (AN-102) to the ion exchange columns were measured by inductively coupled plasma -atomic emission spectroscopy (ICP-AES) and ion chromatography (IC), respectively. The vaiues measured for Na+ and N03-were 5.98 and 1.89 M, giving a N03/Tc ratio of 2.59E+04 in the feed. The nitrate anion (N03-) primarily competes with the pentechnetate anion to bind on the SuperLig@ 639 resin. The results for Tc-99 breakthrough the ion exchange columns are presented in Table 9 . The reported results assume all observed m/z 99 is due to technetium and any observed ruthenium spectra are not typical of natural ruthenium, but maybe exclusively fission product ruthenium.
q Figure 6 shows a plot of the effluent Tc-99 concentration in pg/L as a function of the number of coiumn volumes processed. It can be seen, as expected, that the large portion of non-pertechnetate form of technetium in the feed (up to 70%) had passed through both the lead and lag columns. This result indicates that slightly more was removable than was shown by the batch recontact distribution coefficient results, which revealed that less than 22.5% of the technetium is extracted by the resin. The data in Figure  6 show a significant scatter, the cause of which is not known but maybe related to wall effects or dilution effects. The average resin-paticle dkrneter for SuperLig@ 639 was repofied by the vendor to be approximately 500 j,tm. With a column inside diameter of 11 mm, the bed diameter is about 20 resin-pwticle diameters. Although this situation is less than ideal (>30 particle diameters) it was necessary due to the' limited sample size and the desire to obtain a breakthrough profile. The results thus yield a conservative estimate of the full-scale column performance. SmalIer resin particles could enhance the kinetics of the exchange process and prevent wall effects, but it could not be directly scaled up. Using smaller particle sizes for the full-scale unit would cause a higher pressure drop. The lead column loading data indicated an anomalous low Tc concentration at 20 column volumes. There is no apparent cause for this, but may be the result of analytical or dilution error. Figure 7 shows the results of the sodium and free hydroxide analyses for the feed displacement and rinse effluent samples from technetium ion exchange columns. The feed displacement or wash solution (3 CV of 0.1 M NaOH) reduced the Na+ and free hydroxide concentrations from -5.57 and 0.82 M to 0.795 and 0.31 M, respectively. The de-ionized water rinse that followed the feed displacement had reduced the Na+ and free hydroxide concentrations to 0.11 and 0.1 M, respectively.
Technetium Column Elution
The results for technetium elution from SuperLig@ 639 lead column are presented in Table 10 . The elution was performed with de-ionized water at approximately 1 CV/h. The elution profile of the SuperLig 639@is shown in Figure 8 . It should be pointed out that the first three column volumes in the abscissa of Figure 8 represent a de-ionized water '"rinse" at 3 CV/h, which in effect is the beginning of the elution cycle. Figure 8 shows that the technetium concentration of the eluate reached a peak corresponding to 2.7 times the feed concentration at 6 column volumes, then exponentially decreased to less than 4% of the feed concentration up to 12 column volumes. Elution is considered complete when less than 1YOof the total feed technetium concentration remains in the eluate, and this occurred at 22 CV. The elution efficiency for Tc-99 was -97'%0 in the first 10 column volumes of the eluate. This is in agreement with previously observed elution efficiency scheme for SuperLig 639@with Envelope C, in which 98% of Tc-99 loaded on the resin was stripped within 10 column volumes.5 Due to the unavailability of at-line Tc monitorlanalyzer, it was not possible to determine when elution was complete, so the elution was continued for up to 41.9 column volumes and samples were submitted for analysis. The last 18 column volumes of elution volume stripped the technetium remaining on the resin from 0.4 to O.16% ( i.e. 4. OE-03 C/Co to 1.6E-03 C/Co). Although the technetium elution rate for SuperLig@ 639 resin seems to be better than expected, the resin was not filly loaded with technetium, and therefore, the. data need to be interpreted with caution. Also, basing the elution on "pertechnetate only", rather than total technetium, shows that the perteclmetate elution was not complete until 41.9 column volumes.
Product Characterization
The characterization results for decontaminated product and concentrated cesium and technetium eluate products are shown in Tables 11, 12 , and 13, respectively. In the tables, the radionuclides, elemental compositions, and anion compounds of the final products were also presented. The percent removal ofCs-137 and Tc-99 from Envelope C (AN-102) salt solution were 99.93* 0.03% and 45.7~2.08%, respectively. The percent removals of cesium and technetium were calculated from the mean concentrations of two measurements each for Cs-137 and Tc-99 both in the feed and product solutions. The standard deviation (G) for the percent removal was calculated from equation (8). The error in the percent removal was calculated assuming a variance of two standard deviations (2a) in the average. . The concentrations ofCs-137 and Tc-99 in the decontaminated product were 1.10E-O1 and 4.3E-02 pCi/mL, respectively. The concentration of both radionuclides are lower than the maximum content allowed by immobilized Law activity waste (ILAW) acceptance criteria. The chemical species in the final decontaminated product were generally as expected. Uranium concentration in the final decontaminated product by inductively coupled plasma -mass spectroscopy (ICP-MS) was only 6.2E-O 1 mg/L, which indicates a significant removal of uranium as compared to initial concentration of 1.23E+01 mg/L. The concentration of uranium in the composite eluate solution was 1.68E+01 mg/L.
The results for characterization of cesium and technetium eluate products are shown in Tables 12 and 13 . The chemical species in the eluate products were generally as expected, with the exception of uranium, total organic carbon and chloride ion. The chloride appears to be concentrated both by the cesium and technetium ion exchange resin. Observations of high chloride ion concentration by the SuperLig@ resins was previously reported by us. 4 Similarly, concentration of uranium by SuperLig@ 644 from * Envelope C has also been observed previously. 4 However, the amount of uranium in this eluate is much lower than from tank AN-107. Presumably, the initial concentration of uranium is much lower in this AN-102 sample, although it was not directly measured in the previous work. In addition, the Sr/TRU removal process fi.wther reduced the uranium concentration in this AN-102 sample. Chromium has often been observed to be concentrated in cesium eluate, but was not observed in this case, based on comparison to other residuals from the feed such as aluminium.
The total organic carbon (TOC) in the cesium and technetium eluate products were reported as 470 and221 mg/L, respectively. However, duplicate samples varied by a factor of 2.8 for both cesium and technetium eluates. The poor precision between the samples and duplicates for TOC analyses indicates the difficulty in measuring this parameter in this complex matrix.
Spent Resin Digestion and Analyses
The spent SuperLig@ 644 and 639 resins that were used for decontaminating Envelope A (AN-103) and C (AN-102) salt solutions were digested and the residual analytes were measured by ICP-ES, ICP-MS, AA, and gamma scan. Prior to resin digestion, the resins were regenerated with 6 CV of 1.0 M NaOH (SuperLig@ 639) and BNF-O03-98-0219
Revision O 0.25M NaOH (SuperLig@ 644), then rinsed with 9 CV of de-ionized water. The resins were then slurried out from the columns into filter units and subjected very briefly to vacuum just long enough to remove stardhg liquids. The resin digestion was performed by heating 0.1 g of the resin with 3 ml of cone. HN03 in the Parr bomb at 150 'C for 1.5 hours to destroy the organic. The digested solution was then cooled to ambient temperature and diluted with water to 10 mL final volume.
The analytical results for digested resins are presented in Table 14 . The residual radionuclides (Cs-137 and Tc-99) on SuperLig@ 639 resin were as expected. However, the Cs-137 content in the spent SuperLig 644 resin was 7.4 pCi/g despite the fact that the elution data showed less than 1% of initial Cs in Envelope C salt solution (i.e. 1.80 yCi/mL) was in the eluate at the end of elution. The residual concentrations of RCRA characteristically hazardous elements were below the theoretical TCLP limit. The theoretical TCLP limit was calculated assuming all of the metal ion would dissolve in the TCLP test and a soIid: liquid ratio of 50 g to 1 L.
CONCLUSION
Cesium and technetium removal from Envelope C salt solution from Hanford Tank AN-102 was accomplished using IBC manufactured SuperLig@ ion exchange resins. The cesium distribution coefficient for SuperLig@ 644 resin was 759 mL/g. The projected column volume of feed to process at 50% breakthrough was estimated as 303 column volumes, although prior work indicated that only 37% of this value(112 CV) would be reached. The resin achieved 11fZObreakthrough by the time the available feed sample was consumed at 85 column volumes. Nitric acid (0.5 M) was effective to elute cesium from the resin with less than 0.2% of the cesium remaining in the effluent from the column at 18 column volumes. The elution profile exhibited a small tailing effect. The percent removal of cesium from Envelope C by two-column (lead/lag) configuration containing SuperLig@ 644 resin was 99.93* 0.0390.
The distribution coefficient for technetium on SuperLig@ 639 resin was 16 rnL/g. The calculated & value for the pertechnetate (anion) form was 142 mIJg. The projected column volume to process at 50% breakthrough for extractable pertechnetate was 67. As expected, an immediate breakthrough of the non-extractable, non-pertechnetate form of technetium was observed through both lead and lag columns. Elution of technetium from the resin with de-ionized water at 1 CV/h was efficient with 97% recovery up to 10 column volumes and less than 19Z0 of Tc remaining on the resin after 22 column volumes. The percent removal of technetium from Envelope C by SuperLlg@ 639 was 45.74 t 2.08 % . This is approximately twice the percent pertechnetate in the salt solution (22.5%) determined through sequential batch re-contacts.
Characterization results showed that the Cs/Na and Tc/Na mole ratios in the final decontaminated product were 2.03E-05 Ci/mole Na and 8.29E-06 Ci/mole Na, respectively. These results are within the range of Cs and Tc limits for the immobilized BNF-O03-98-0219
Revision O law activity waste glassG. The chemical compositions in the final decontaminated product and eluate concentrates were as expected with the exception of uranium, TOC, and chloride ions which were concentrated by the cesium ion exchange resin and later eluted by nitric acid. The residual analytes in the digested spent resins were generally below their detection limits, with the exception of Cs in the spent SuperLig@ 644 resin. Guard column sample ID BNF-C320-TcIXEFF-Cr4-lCV-S1 13 3.036E+03 6.49E-01
APPROVALS
BNF-C320-TcIXNaOH-Cr4-lCVS 48 9.879E+02 2.llE-01 
